Background: Repetitive high bone strain and/or strain rates, such as those that occur during running, contribute to stress fractures as well as promoting maintenance of or increase in bone mass. Kinematic differences are known to exist between overground and treadmill running and these may be reflected in different bone strains and strain rates during the two running techniques. Aim: To measure in vivo strains and strain rates in human tibia during treadmill and overground running and determine if there are significant differences in strain and strain rate levels between the two running techniques. Methods: A strain gauged bone staple was mounted percutaneously along the axial direction in the mid diaphysis of the medial tibia in three subjects, and in vivo tibial strains were measured during treadmill and overground running at 11 km/h. Results: Axial compression strains (p<0.0001), tension strains (p<0.001), compression strain rates (p<0.0001), and tension strain rates (p<0.0001) were 48-285% higher during overground running than during treadmill running. Conclusions: On the basis of lower in vivo strains and strain rates, treadmill runners are at lower risk of developing tibial stress fractures, but less likely to achieve tibial bone strengthening, than overground runners.
I
n the 1970s and 1980s, overground running was at the height of its popularity. At that time the extrapolated yearly stress fracture rate for runners was 4.6%. 1 The tibia was the most prevalent site for stress fracture. 2 In the past decade, running as a recreational sport has changed, with an increase in treadmill runners. According to Runners' World, 40 million Americans run on treadmills, and 70% of new home treadmill buyers are women.
If competitive runners are excluded, there are many possible motivations for participating in running. These include cardiovascular fitness, "burning calories" to maintain body physique, enhancing bone and muscle strength, and the promotion of a general feeling of health or youth. Ideally one would like to achieve these goals without sustaining overuse injuries or damage to joints. Runners have the option of choosing to do their workouts on a treadmill or overground. Unlike overground running, there is no epidemiological data for overuse injuries caused by treadmill running. In previous strain gauge measurements in humans in vivo, tibial strain and strain rates have been found to be significantly higher during running than during walking. [3] [4] [5] [6] Likewise measurement of tibial shock, using bone mounted accelerometers, has shown that the peak tibial shock is higher during running than during walking. 7 The hypothesis of this study is that tibial strains and strain rates during treadmill running are much lower than during overground running. As repetitive high strains and strain rates contribute to stress fractures, 8 the prevalence of tibial stress fractures in treadmill running would consequently be lower than in overground running.
MATERIALS AND METHODS
Two male members of the research staff (one aged 54 and weighing 82 kg and the other aged 41 and weighing 78 kg) and one female member (aged 23 and weighing 60 kg) were recruited to have measurements of tibial strain in vivo. After receiving an explanation of the goals, risks, and benefits of their participation in the experiment, all subjects gave their informed consent. The experimental protocol was approved by the human rights committee of the Hadassah University Hospital, Jerusalem, Israel and the Ministry of Health of Israel. All subjects were healthy. The men were recreational runners averaging 10 km/week, and the woman played occasional recreational tennis. See end of article for authors' affiliations the undersurface of the staple were used to measure in vivo tibial strains and strain rates. 9 The strain gauges were connected to a ] Wheatstone bridge. A strain gauged staple was implanted percutaneously, aligned along the long axis of the bone in the medial aspect of the mid-diaphysis of the tibia in each subject.
In vivo strain measurements

Surgical protocol
Surgical implantation of the strain gauged staples was performed on an outpatient basis at the Hadassah University Hospital. Surgical implantation was performed in the morning, and the staples were removed on the same day after completion of the data collection. Prophylactic intravenous cefonicide was given before each operation.
The left leg was prepared and draped at the level of the mid-shaft of the tibia to facilitate placement of the strain gauged staples in the medial aspect of the tibia. The exact level of the mid-diaphysis and the midpoint of the flat medial surface of the tibia were determined. An alignment block for the insertion of the staple was then placed central at this point, and the site of the entrance holes for the staple legs was marked. Local anaesthesia was given at these two points by injection of 1.5 ml 1% lidocaine and 1.5 ml 0.25% buperocaine into the skin, subcutaneous tissue, and periosteum of the tibia. Surgical stab wounds were made in the skin and subcutaneous tissue at each of the two points, and the two entrance sites for the legs of the staples were drilled 4 mm into the tibial cortex with a 1.2 mm diameter drill using an alignment jig and a depth limiting device. The strain gauged staple was inserted into the tibia using a specially made inserter impacter permitting the staple to be driven into the pre-drilled holes to a depth of 4 mm into the cortex. A gauze dressing was placed loosely over the staple.
Strain gauge measurements
Immediately before and after each recording, the strain gauge was zeroed with the subject holding his/her left leg in the air so that it was non-weight bearing. The strain gauge signal was amplified, and the conditioned signal recorded on an FM analogue cassette recorder (TEAC HR10; TEAC Corp, Tokyo, Japan). The amplifier and cassette recorder were carried by the subject in a multipouch backpack. Playback was by a separate unit (TEAC MR40; TEAC Corp) connected to a PC, and the data were digitised at 400 Hz. The strain gauged staple strains were calculated from the voltage output using the method described by Ekenman et al. 9 All subjects wore Nike Air Max running shoes for the experiment. Measurements were made while running on a treadmill at a speed of 11 km/h and while free running on asphalt at the same rate set by a timed pacer. The measurements were begun after one minute of running and were made over a 60 second time interval.
Data analysis
The data from the strain gauged staple were processed using a custom written computer program. The digitised amplified signals were low pass filtered at 5 Hz, and the peak axial tension and compression strains and the maximum tension and compression strain rates recorded for each step. The maximum strain rates were calculated by scanning 12 millisecond intervals along the tension and compression strain outputs. Means were calculated for treadmill and free running on the basis of four consecutive strides. The major outcome variables were the means of the peak axial compression and tension strains and maximum compression and tension strain rates for treadmill and overground running. Statistical analysis used the Statistical Analysis System (Cary, North Carolina, USA) for comparing the results for treadmill and overground running using a block analysis of variance, with statistical significance p = 0.05.
RESULTS
There were no complications secondary to the surgical implantation of the strain gauged staples. All subjects returned to their normal activities including running within 10 days of surgery. Table 1 shows the mean strain and strain rates of four consecutive strides for each subject during treadmill and overground running. Figure 1 shows a plot of the strains during treadmill and overground running for the second subject. The ratio of the peak tension strain to the peak compression strain during treadmill running is higher than during overground running. The peak mean tibial axial compression (p<0.0001) and tension strains (p<0.001) ( fig 2) and peak mean tension (p<0.0001) and compression strain rates (p<0.0001) (fig 3) for the three subjects were significantly higher during overground running than during treadmill running.
DISCUSSION
When non-competitive runners choose between overground and treadmill running, many of their considerations are related to convenience, sociology, and climate. Considerable kinematic differences, however, exist between the two types of running. [10] [11] [12] [13] Elliot and Blanksby 10 reported that stride length is decreased, stride rate increased, and the period of non-support is less when running on a treadmill than when running overground. Nigg et al 12 observed that subjects plant their feet in a flatter position during treadmill running than during overground running. They found that most of the lower extremity kinematic variables showed inconsistent trends for individual subjects depending on the subject's running style, running speed, and footwear. Treadmill running is for the most part a monotonous repetition of the same body kinematics, whereas overground running can involve frequent changes in direction, pace, and stride length.
This study was designed to evaluate if the differences in the kinetics of overground and treadmill running are reflected in differences in the in vivo tibial strains and strain rates. The study was limited in the number of subjects because the measurements require the surgical application of a strain gauged bone staple and volunteers are not plentiful. Measurements were also limited to one site on the tibia. This site was chosen because it is the most common site of stress fractures among runners and military recruits. 2 Strain measurements were only axial and were made at 11 km/h, which is a moderate jogging pace.
Stress fractures and other overuse injuries are common occurrences in overground runners. 1 High bone strains and strain rates that occur during running contribute to the cause of stress fracture. [4] [5] [6] Tibial stress fractures are the most commonly occurring stress fracture in overground runners. 2 There are no parallel epidemiological data for treadmill runners in the literature. In this experiment very significant differences between the strain and strain rates during the two types of running were found. Tension and compression strains and strain rates were found to be 48-285% higher during overground running than during treadmill running. The substantially higher tibial strains and strain rates found in this experiment during overground running indicate that overground runners are at higher risk of tibial stress fracture than treadmill runners.
It has been shown in animal models that high strain and strain rates are likely to activate bone formation. 14 15 It is also thought that exercises that change the usual strain distribution that occur in a bone are likely to serve as osteogenic stimuli. 16 17 As a single element gauge was placed axially on the tibia, and not a rosette gauge, no measurement of changes in the strain distribution could be made. It is likely, however, that overground running, because it involves both changes in direction and pace, produces greater changes in strain distribution than during treadmill running. 5 Our experiment indicates on the basis of significantly higher strain and strain rates during overground running that this style of running is more likely to achieve tibial bone strengthening or maintenance than treadmill running. We did not measure knee joint forces. There has been concern that running may lead to osteoarthrosis of the knees. Data from the Framingham study indicate that heavy physical labour is an important risk factor for osteoarthrosis of the knee in the elderly. 18 Spector et al 19 found that the risk for knee and hip osteoarthrosis in women is associated with weight bearing sports. They point out that it is important to determine what type and duration of weight bearing exercises are beneficial for cardiovascular and bone health without damaging the joints. However, in a retrospective study of past elite Finnish athletes, runners were not found to have a greater incidence of osteoarthrosis than a control group of non-athletes. 20 The population that did have a higher prevalence of knee osteoarthrosis was that comprising athletes who had participated in ball sports.
For the non-competitive runner what is preferable, overground running or treadmill running? The answer would seem to depend on the goals of the individual. Both can achieve cardiovascular physical fitness. Both can "burn calories" and help maintain a trim body weight. Overground running would seem to be preferable to treadmill running for increasing or maintaining bone strength. 21 Treadmill runners, however, would seem to be at less risk of developing tibial stress fractures and possibly other types of stress fractures, as well as of developing knee and hip osteoarthrosis.
Take home message
For the person whose major concern is aerobic fitness or burning calories, treadmill running may be preferable to overground running, which has higher tibial strains and strain rates and therefore increases the risk of developing tibial stress fracture and osteoarthrosis of the knee.
